JOURNAL OF VIROLOGY, June 2003, p. 7048-7057
0022-538X/03/$08.00+0 DOI: 10.1128/JV1.77.12.7048-7057.2003

Vol. 77, No. 12

Copyright © 2003, American Society for Microbiology. All Rights Reserved.

Prime-Boost Immunization Schedules Based on Influenza Virus and
Vaccinia Virus Vectors Potentiate Cellular Immune Responses against
Human Immunodeficiency Virus Env Protein Systemically and

in the Genitorectal Draining Lymph Nodes

M. Magdalena Gherardi,' José Luis Najera,' Eva Pérez-Jiménez,' Susana Guerra,’
Adolfo Garcia-Sastre,” and Mariano Esteban'*

Department of Molecular and Cellular Biology, Centro Nacional de Biotecnologia, CSIC, Campus
Universidad Auténoma, 28049 Madrid, Spain, and Department of Microbiology,
Mount Sinai School of Medicine, New York, New York 10029>

Received 20 December 2002/Accepted 15 March 2003

Vaccines that elicit systemic and mucosal immune responses should be the choice to control human
immunodeficiency virus (HIV) infections. We have previously shown that prime-boost immunizations with
influenza virus Env and vaccinia virus (VV) WR Env recombinants induced an enhanced systemic CD8* T-cell
response against HIV-1 Env antigen. In this report, we analyzed in BALB/c mice after priming with influenza
virus Env the ability of two VV recombinants expressing HIV-1 Env B (VV WR Env and the highly attenuated
modified VV Ankara [MVA] Env) to boost cellular immune responses in the spleen and in the lymph nodes
draining the genital and rectal tracts. Groups of mice were primed by the intranasal route with 10* PFU of
influenza virus Env and boosted 14 days later by the intraperitoneal or intranasal route with 10’ PFU of MVA
Env or VV WR Env, while the control group received two immunizations with influenza virus Env. We found
that the combined immunization (Flu/VV) increased more than 60 times the number of gamma interferon-
specific CD8" T cells compared to the Flu/Flu scheme. Significantly, boosting with MVA Env by the intra-
peritoneal route induced a response 1.25 or 2.5 times (spleen or genital lymph nodes) higher with respect to
that found after the boost with VV WR Env. Mice with an enhanced CD8" T-cell response also had an increased
Th1/Th2 ratio, evaluated by the cytokine pattern secreted following in vitro restimulation with gp160 protein
and by the specific immunoglobulin G2a (IgG2a)/IgG1 ratio in serum. By the intranasal route recombinant WR
Env booster gave a more efficient immune response (10 and 1.3 times in spleen and genital lymph nodes,
respectively) than recombinant MVA Env. However, the scheme influenza virus Env/MVA Env increased four
times the response in the spleen, giving a low but significant response in the genital lymph nodes compared
with a single intranasal immunization with MVA Env. These results demonstrate that the combination
Flu/MVA in prime-booster immunization regimens is an effective vaccination approach to generate cellular

immune responses to HIV antigens at sites critical for protective responses.

Heterologous prime-boost immunization regimens employ-
ing poxvirus vectors for the booster immunization have been
shown to be very efficient vaccination approaches in different
animal models, specially in their ability to induce specific cel-
lular immune responses and also to trigger protection to
pathogens (13, 17, 26, 37, 38). In these studies, the immuno-
gens mostly used for priming were DNA vectors. However,
other immunogens such as proteins, peptides, viruslike parti-
cles, and attenuated viral vectors have also been employed. In
this sense, studies pioneered with influenza virus and vaccinia
virus (VV) vectors have shown that sequential immunization
with influenza virus and VV recombinants expressing rodent
malaria antigens results in enhanced CD8" T-cell-specific im-
mune responses that protected mice against sporozoite-in-
duced malaria. Interestingly, the order in which these two
vectors were administered was critical to efficiently expand
specific CD8* T cells in order to achieve protection from a
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lethal challenge (23, 44). Prime-boost immunization ap-
proaches with heterologous vectors are now widely used
against different pathogens and several phase I/II clinical trials
are under way (6, 19, 29).

Routes that trigger systemic immune responses (17, 37, 38)
have been carried out by most of the prime-boost vaccination
studies. Moreover, measurements of immunological parame-
ters were focused on components of systemic immunity. Vac-
cines capable of protecting against human immunodeficiency
virus (HIV) most likely need to induce long-term mucosal
immune responses, as the mucosal route is the most natural
route for transmission of the virus. An immunization strategy
that can generate anti-HIV cytotoxic T cells at mucosal tissues
or in lymph nodes draining the genital and rectal tracts may
limit the spread of HIV after initial infection. Even after in-
travenous inoculation of simian immunodeficiency virus (SIV)
in monkeys, the mucosal lymphoid tissue is a major initial area
of viral proliferation. (42).

The mucosa of the vagina and rectum is drained by iliac
nodes, as demonstrated in studies performed in nonhuman
primates in which homing of different population of immune
cells (CD4, CD8, and B cells) from the iliac lymph nodes to the
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rectal, cervical, and vaginal mucosa was documented (28).
Moreover, studies performed in the SIV model demonstrated
that after intravaginal inoculation of SIV in rhesus monkeys
(40), the virus was detected in macrophages and dendritic cells
of the lamina propria at short times postinoculation, and with
time it was detected in the draining iliac lymph nodes. In the
chimpanzee model, a rapid transmission of HIV-1 across the
vaginal mucosa was also demonstrated (11). Thus, it appears
that the first immune protective barriers against HI'V are those
of the mucosa and the regional lymph nodes, implying that
induction of immunity in such places is crucial to control in-
fection.

The stimulation of the mucosal immune response can be
achieved by the administration of immunogens at mucosal
inductive sites, where specialized organized lymphoepithelial
follicular structures exist. The use of the intranasal route of
immunization to stimulate inductive sites in the respiratory
tract has been of considerable interest in the last few years.
Various studies have demonstrated that both the oral and
intranasal routes of administration of antigens are capable of
inducing immune responses at distant effector sites (33). In this
sense, live viral vaccines administered by the intranasal route
efficiently stimulate humoral and cell-mediated immune re-
sponses in both mucosal and systemic compartments (27). For
example, attenuated influenza virus vectors have the capacity
to induce mucosal immune responses, as the natural route of
infection of the virus is the nasal mucosa (8, 9, 32).

Modified vaccinia virus Ankara (MVA) is one of the most
promising live viral vectors to be applied as a recombinant
vaccine due to its safety and ability to trigger protection against
a wide spectrum of pathogens (1, 2, 17, 24, 25, 30, 39, 44).
Several studies have shown the immunogenicity of MVA re-
combinants when inoculated by systemic routes. However, the
immunogenicity elicited after administration of MVA by mu-
cosal routes has not been well characterized. (3).

The aim of this study was to establish immunization regi-
mens that enhance mucosal immune responses against HIV
antigens. Due to the ability of influenza virus to target the
mucosal tissue, we have used prime-booster immunizations
with a recombinant influenza virus vector expressing the well-
characterized CD8™ T-cell epitope from the V3 loop of HIV-1
(clade B) and two VV recombinants expressing the entire
HIV-1 Env protein (VV WR Env and MVA Env). We have
compared in mice how these vectors activate specific cellular
immune responses when they were administered by systemic
and mucosal routes. Our findings showed that the combination
of influenza virus Env and MVA Env (Flu/MVA) effectively
activates cellular immune responses in the genitorectal drain-
ing lymph nodes and in the spleen.

MATERIALS AND METHODS

Viruses and cells. The recombinant VV Env (WR strain) and MVA Env
employed in this study have a foreign gene inserted in the thymidine kinase locus
and have been described previously (12, 35). Both viruses express the complete
HIV-1 IIIB gp160. WR derivatives were grown in human HeLa cells, and MVA
derivatives were grown in primary chicken embryo fibroblasts. Sucrose cushion-
purified viral stocks of recombinant MVA and recombinant WR were titrated in
baby hamster kidney BHK-21 cells or African green monkey kidney BSC-40 cell
monolayers by immunostaining of fixed infected cultures with polyclonal serum
reactive against VV proteins and by plaque assays, respectively. Kinetics of
expression of the recombinant gp160 was performed in BHK-21 and 3T3 (a
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mouse fibroblast-derived cell line) cell monolayers. The chimeric Fluenv IIIB
influenza A virus has been described previously, and it was grown and titrated by
plaque assay in MDBK cells (15). This virus encodes a 12-amino-acid peptide,
IQRGPGRAFVTI, corresponding to the V3 loop of gp120 of HIV-1 IIIB in-
serted into the antigenic site B of its hemagglutinin protein.

Immunizations of mice and serum sample collection. BALB/c mice (H-27) (6
to 8 weeks old) were immunized intraperitoneally or intranasally with different
doses (indicated as PFU) of the different viruses in 200 wl (by the intraperitoneal
route) or 25 pl (by the intranasal route) of sterile phosphate-buffered saline
(PBS). Fourteen days after immunization, blood was obtained from the retro-
orbital plexus by a heparinized capillary tube, collected in an Eppendorf tube,
and centrifuged, and serum was obtained and stored at —20°C.

Antibody measurements by ELISA. Enzyme-linked immunosorbent assay
(ELISA) was used to determine the presence of antibodies against the V3 loop
of gpl60 and against B-galactosidase in serum samples. B-galactosidase em-
ployed to coat 96-well flat-bottomed plates was used at a concentration of 5
pg/ml. The V3 peptide IQRGPGRAFVTI) employed for coating the plates was
first conjugated to bovine serum albumin following standard methods. Antigens
were suspended in carbonate buffer pH 9.6, plated at 50 pl/well, and incubated
overnight at 4°C. Afterwards, the contents of the wells were discarded and
washed three times with PBS plus 0.05% Tween 20 (PBS-T), and blocking buffer
(PBS with 10% fetal calf serum) was added at 200 pl/well and incubated for 1 h
at 37°C. The plates were washed once with PBS-T, and samples diluted in
blocking buffer were added in a volume of 50 wl/well and incubated for 1 h at
37°C. Then, plates were washed three times before the detection antibody was
added. Peroxidase-conjugated goat anti-mouse immunoglobulin G (IgG1) or
IgG2a (Southern Biotechnology Associates, Birmingham, Ala.) antibodies were
diluted 1:1,500 and 1:2,000, respectively, in blocking buffer and incubated 1 h at
37°C. After washing the plates three times with PBS-T, the wells were reacted
with the peroxidase substrate O-phenylenediamine dihydrochloride (OPD) (Sig-
ma Chemical, St. Louis, Mo.). After 10 to 15 min of incubation at room tem-
perature, adding 2N H,SO, stopped the reaction, and absorbance values were
measured at 450 nm on a Labsystems Multiskan Plus plate reader.

Evaluation of CD8* T cells by the ELISPOT assay. The ELISPOT assay to
detect antigen-specific CD8™" T cells was performed as previously described (12).
Briefly, 96-well nitrocellulose plates were coated with 8 pg/ml of anti-mouse
gamma interferon (IFN-y) monoclonal antibody R4-6A2 (PharMingen, San Di-
ego, Calif.) in 100 pl of PBS. After overnight incubation at room temperature,
wells were washed three times with RPMI 1640, and 100 pl of complete medium
supplemented with 10% fetal calf serum were added to each well. Afterwards,
the plate was incubated at 37°C for 1 h. Splenocytes cells (depleted of red blood
cells) and lymphocytes from iliac lymph nodes from different groups of mice were
added in triplicate of twofold dilutions. P815 cells (a mastocytoma cell line which
expresses only major histocompatibility complex class I molecules) were used as
antigen-presenting cells.

To evaluate the number of CD8" IFN-y-secreting cells specific for the V3 loop
epitope of the HIV-1 Env protein, P815 cells were pulsed with 10~¢ M synthetic
peptide RGPGRAFVTI (10 Env) and treated with mitomycin C (30 wg/ml) for
20 min. After several washes with culture medium, 10° P815 cells were added to
each well. As a control, P815 cells not pulsed with the peptide but treated under
similar conditions were used. Plates were incubated for 24 h in a 37°C incubator
with a 5% CO, atmosphere, washed extensively with PBS-T, and incubated for
2 h with a solution of 2 g of biotinylated anti-mouse IFN-y monoclonal antibody
XMG1.2 (PharMingen) per ml in PBS-T. Thereafter, plates were washed with
PBS-T, and 100 pl of peroxidase-labeled avidin (Sigma Chemical) at a 1:300
dilution in PBS-T was added to each well and incubated at room temperature.
One hour later, wells were washed with PBS-T and PBS. The spots were devel-
oped by adding 1 pg of the substrate 3,3’-diaminobenzidine tetrahydrochloride
(Sigma Chemical) per ml in 50 mM Tris-HCI, pH 7.5, containing 0.015% hydro-
gen peroxide. Then spots were counted with the aid of a stereomicroscope.

T-cell proliferation assays. Lymphocytes were removed from spleens and iliac
lymph nodes by passing tissues through a sterile mesh to obtain cell suspensions.
Cells were suspended in complete medium (RPMI 1640 supplemented with 10%
fetal calf serum, 2 mM L-glutamine, and 10 mM 2-B-mercaptoethanol). Red
blood cells in preparations of spleen cells were lysed with 0.1 M ammonium
chloride buffer. Lymphocytes were cultured in triplicate (10° cells/well) in 96-well
microtiter flat-bottomed plates and stimulated with purified gp160 protein (In-
tracel Corporation, Cambridge, Mass.) (1 wg/ml) or concanavalin A (1 pg/ml)
(Sigma Chemical). Plates were incubated for 3 days at 37°C in 5% CO,_After this
incubation period, cytokine levels (IFN-y and interleukin-4 [IL-4]) in culture
supernatants from triplicate cultures were evaluated following the manufactur-
er’s instructions (Pharmingen).
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Western blot. BHK-21 and 3T3 monolayer cells were infected at 5 PFU/cell
with the indicated VV or MVA viruses, collected, and lysed at 6, 18, and 24 h
postinfection in cold buffer (50 mM Tris-HCI [pH 8.0], 0.5 M NaCl, 10% NP-40,
1% sodium dodecyl sulfate). Equal amounts of protein lysates were separated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis on 10% gels, trans-
ferred to nitrocellulose membranes, and reacted with primary rabbit polyclonal
anti-gp120 protein and with secondary antibodies (anti-rabbit immunoglobulin-
peroxidase conjugates). Protein expression was detected with ECL Western
blotting reagents (Amersham). Relative quantities of gp160 and gp120 proteins
in Western blot were determined by densitometric analysis with the NIH Image
1.62 software.

Immunofluorescence. 3T3 and BHK-21 cells cultured on coverslips were in-
fected at 5 PFU/cell. Twenty-four hours postinfection, cells were washed with
phosphate-buffered saline (PBS), fixed with 4% paraformaldehyde, and perme-
abilized by treatment with 0.1% Triton X-100 in PBS (room temperature, 10
min). After the PBS wash, coverslips were blocked with a PBS solution contain-
ing 20% bovine serum albumin. Cells were incubated (1 h, 37°C) with antibodies
directed to the gp160 HIV-1 IIIB protein. Coverslips were washed extensively
with PBS and incubated (1 h at 37°C) with secondary anti-rabbit immunoglobulin
conjugated with fluorescein isothiocyanate. The DNA staining reagent To-Pro
(Molecular Probes) was included in this incubation. To analyze the intracellular
localization of gp160 in infected cells, we used antibodies against the wheat germ
antigen, a specific marker for Golgi structures. After several washes with PBS,
coverslips were mounted on microscope slides with Mowiol (Calbiochem). Im-
ages were obtained with a Bio-Rad Radiance 2100 confocal laser microscope.

Flow cytometry. 3T3 cells in monolayers were infected with the indicated virus
at 1 PFU/cell. At 18 h postinfection, cells were trypsinized and extensively
washed with PBS. After blocking with PBS-10% fetal calf serum, cells were
stained with a rabbit polyclonal anti-gp120 antibody, washed, and incubated with
the secondary antibody, anti-rabbit immunoglobulin conjugated with fluorescein
isothiocyanate. Following staining, cells were washed, fixed, and analyzed with a
FACScan (Becton Dickinson, Mountain View, Calif.).

RESULTS

Strong cellular immune responses to HIV-1 Env in spleen
and genital lymph nodes after intranasal priming with influ-
enza virus Env and intraperitoneal boosting with VV WR Env
or MVA Env. In a previous study (15), we showed that com-
bined immunization with influenza virus and VV (WR strain)
vectors induced an enhanced CD8" T-cell response against
HIV-1 Env in the spleen. We have now examined whether
booster with an attenuated VV vector, MVA Env, potentiates
the cellular immune response in a manner comparable to that
with the VV WR Env recombinant in mice primed with influ-
enza virus Env.

Groups of BALB/c mice were first intranasally primed with
10* PFU of a recombinant influenza virus A vector (Fluenv)
that expresses a 10-amino-acid peptide, IQRGRAFVTI, cor-
responding to the V3 loop of gp120 of HIV-1 IIIB (15). Four-
teen days after priming, mice received a booster dose given
intranasally with influenza virus Env or intraperitoneally with
either VV WR Env (107 PFU/mouse) or MVA Env (107 PFU/
mouse). Both VV vectors expressed the complete gpl160 se-
quence of HIV-1 strain IIIB (35). Fourteen days after the
booster, the number of IFN-y-secreting T cells in the spleen
was measured. Figure 1A shows that VV-based vectors in-
duced a significant enhancement of splenic CD8" T-cell re-
sponse against the Env antigen. Numbers of specific [IFN-y
CD8™ T cells after Flu/VV immunizations were more than 50
times higher than those induced by Flu/Flu immunization. In-
terestingly, booster with MVA Env induced a response 1.5
times higher (P < 0.01) than that induced by VV WR Env
boost. The CD8* T-cell response was also evaluated in geni-
torectal draining lymph nodes (iliac lymph nodes). As shown in
Fig. 1B, a pattern similar to that detected in the spleen was
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FIG. 1. Evaluation of specific cellular immune responses against
HIV-1 Env antigen. Quantification of Env peptide specific IFN-y-
secreting CD8™" T cells. Four BALB/c mice per group were first intra-
nasally (i.n.) immunized with 10* PFU of influenza virus Env, and 14
days later the animals were intranasally boosted with 10* PFU of
influenza virus Env or intraperitoneally (i.p.) boosted with 107 PFU of
VV WR Env or MVA Env. Cell suspensions of the spleens (A) or
genitorectal lymph nodes (B) obtained 14 days after the immunization
were evaluated for Env-specific IFN-y-secreting cells by ELISPOT
assay. The number of antigen-specific IFN-y-secreting cells with stan-
dard deviation from triplicate cultures is shown. The pattern of cyto-
kine secretion after gp160 restimulation of cell suspensions of spleens
(C) or genitorectal lymph nodes (D) was determined. After 72 h of
culture, cell culture supernatants were harvested and evaluated for
IFN-y and IL-4 by ELISA. Bars represent the median * standard
deviation of triplicate samples.

observed in the lymph node tissues, where boosting with MVA
Env also induced a response 2.5 times higher than that found
in mice boosted with VV WR Env (P < 0.01).

To further analyze the Th type of immune response induced
in the different groups of immunized mice, we evaluated the
cytokines secreted in cell culture supernatants derived from
lymphocytes of spleen and genital draining lymph nodes after
in vitro restimulation with the specific antigen (purified gp160
protein). This is shown in Fig. 1C and D. Whereas influenza
virus Env/influenza virus Env immunization induced a Thl/
Th2 ratio of 0.1 (measured as the IFN-y/IL-4 ratio), priming
with influenza virus Env and boosting with VV vectors in-
creased the ratio 10-fold. Similar ratios were also found in cell
supernatants from splenocytes stimulated with concanavalin A
(data not shown). In supernatants from lymphocytes of genital
lymph nodes, the levels of IL-4 were not significant, and hence,
Fig. 1D only shows IFN-vy levels.

We further characterized specific 1gG2a/IgG1 antibodies
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FIG. 2. Induction of anti-V3 Env antibodies and IgG2a/IgG1 ratios
after immunization with influenza virus and VV vectors. Sera from
mice of the experiment described in Fig. 1 were evaluated for specific
anti-gp160 antibodies 14 days after booster. Reactivity of individual
serum samples against V3 peptide was assayed by ELISA. (A) Absor-
bances for IgG1 and IgG2a subclasses in 1:50 serum dilutions from
mice of the different groups (absorbance from sera of nonimmunized
mice was subtracted). (B) IgG2a/IgG1 ratios in the different groups.

against the V3 peptide in serum. Sera from mice employed in
the experiment described above were used to assay for IgG
antibodies against the V3 region of the HIV-1 Env antigen. As
shown in Fig. 2, the levels of IgGs (evaluated as net absor-
bance) in the different groups were not high, but we observed
a higher ratio of specific I[gG2a/IgG1 subclasses (Th1 and Th2
dependent, respectively) in mice immunized with the Flu/
MVA scheme. Thus, the IgG2a/IgG1 ratio correlated with the
CD8" induction and Th1/Th2 cytokine secretion pattern (see
Fig. 1) found in the different groups.

Similar levels and pattern of expression of HIV-1 Env anti-
gen found in cells infected with MVA Env and VV WR Env.
The experiments shown in Fig. 1 revealed that systemic admin-
istration of MVA Env to mice previously primed with influenza
virus Env results in stronger cellular immune responses than
those boosted by VV WR Env administration. To determine if
these differences could be attributed to different levels of ex-
pression of Env, we carried out a kinetic analysis in cells in-
fected with MVA Env and VV WR Env. Env expression was
measured by Western blot in murine 3T3 cells, which are
nonpermissive for MVA (Fig. 3A, upper panel), and in MVA-
permissive BHK-21 cells (Fig. 3A, lower panel). Cell monolay-
ers were infected with 5 PFU/cell, and at different times postin-
fection, proteins in cell extracts were subjected to sodium
dodecyl sulfate-polyacrylamide gel electrophoresis, blotted,
and reacted with a polyclonal anti-gp120 antibody. No consid-
erable differences in the kinetic of synthesis of Env protein
were observed between 3T3 cells infected with VV WR Env or
MVA Env (Fig. 3A, upper panel). At 18 h and 24 h postinfec-
tion, higher levels of Env antigen were expressed from VV WR
Env (two times higher levels of gp120 and 1.4 times higher
levels of gp160). However, in BHK-21 cells (lower panel) at
short times (6 h) postinfection, gp120 and gp160 expression
levels from cells infected with MVA Env were approximately
2.8 and 1.6 times higher than those observed in cells infected
with VV WR Env, but these differences disappear by 18 h and
24 h postinfection.

To define if differences could be observed in the intracellular
localization of Env between the two VV vectors, 3T3 cells at
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twenty-four hours postinfection were analyzed by immunoflu-
orescence with Env specific antibodies. Env antigen was pre-
dominantly found in the Golgi of cells infected with MVA Env
or VV WR Env, as it can be expected for a protein that is
glycosylated (Fig. 3B). Cells infected with the unrelated recom-
binant MVAluc served as control. Staining of the DNA per-
mits the visualization of the cell nuclei and of typical cytoplas-
mic VV factories. In Fig. 3C, it can be seen that in 3T3 cells
infected with MVA Env or VV WR Env and fixed under
nonpermeable conditions, the gp160 antigen is exposed on the
cell surface. FACS analysis of 3T3 cells infected with the re-
combinant viruses and doubly stained on the surface with anti-
gp120 antibody and with a conjugated secondary antibody-
fluorescein isothiocyanate (see Materials and Methods),
showed that after 18 h and 24 h postinfection 18% (VV WR
Env) and 11.2% (MVA Env) of the cells were positively
stained (data not shown).

The findings in Fig. 3 suggest that the differences in immune
response to Env between MVA Env and VV WR Env are not
due to different levels of Env expression, but to an intrinsic
property of the MVA vector, such as the lack of immunomodu-
latory molecules or its ability to interact with the host.

Mucosal (intranasal) delivery of VV vectors is an effective
route to boost specific cellular immune responses after prim-
ing with influenza virus Env. The results depicted above cor-
roborated our previous experiments in which the WR-based
vector was employed at booster (15) and demonstrated that
MVA Env can be as efficient as or even a better immunogen
than VV WR Env to boost the anti-Env CD8* T-cell response
primed with the influenza virus Env vector. Our next experi-
ments were conducted to prove if a mucosal immunization
scheme, priming and booster by the intranasal route, can in-
duce a CD8" T-cell response against Env in the spleen and
genitorectal lymph nodes. Delivery intranasally of VV WR Env
induced a booster effect in the spleen (Fig. 4A) and genitorec-
tal lymph nodes (Fig. 4B) of a magnitude comparable to that
obtained with the systemic (intraperitoneal) inoculation (Fig.
1). By contrast, boosting intranasally with MVA Env induced
lower responses than those triggered by VV WR Env. Never-
theless, an intranasal booster with MVA Env induced a signif-
icant response at distal places from the inoculation site, such as
the spleen and iliac-inguinal lymph nodes. Moreover, influenza
virus Env/MVA Env induced a fourfold higher CD8" T-cell
response in the spleen and a low but significant response in
genitorectal lymph nodes than that obtained after a single
intranasal immunization with MVA Env, proving the boosting
capacity of MVA Env when delivered by intranasal route (Fig.
4C and 4D).

The Th type of immune response induced in the immunized
groups was also evaluated. Figure 5 shows the cytokine pattern
secreted in cell culture supernatants from lymphocytes of
spleen (Fig. 5A) and genital draining lymph nodes (Fig. 5B)
after in vitro restimulation with the specific antigen (gp160
protein). Mucosal (intranasal) delivery of the recombinant VV
vectors induced a Thl immune response, as measured by the
IFN-y/IL-4 ratio. The levels of IFN-y found in supernatants
from gp160-stimulated splenocytes correlated with the levels of
IFN-y-secreting CD8™" T cells analyzed by the ELISPOT assay
(compare Fig. 4 and 5). However, such a direct correlation was
not observed for genitorectal lymph nodes lymphocytes, as the
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FIG. 3. Comparison of levels of expression of gp160 between cells infected with VV WR Env and MVA Env. (A) Western blot. 3T3 and
BHK-21 cells were infected (5 PFU/cell) with VV WR Env or MVA Env, and at various times postinfection cells were collected and Env expression
was analyzed by Western blot with a specific anti-gp160 IIIB antibody. (B) Immunofluorescence analysis under permeable conditions. 3T3 cells
were infected (5 PFU/cell) with recombinant VV WR Env, MVA Env, or MVAluc, and at 24 h postinfection cells were fixed, permeabilized, and
incubated with polyclonal gp120 IIIB antibody to show Env, with antibody against wheat germ to show the Golgi, or with To-Pro to show the DNA.
To the right is the color merging to show colocalization of gp160 and Golgi compartments. (C) Immunofluorescence analysis under nonpermeable
conditions. 3T3 cells were infected (1 PFU/cell) with recombinant VV WR Env, MVA Env, or MVAluc, and at 18 h postinfection cells were fixed,
nonpermeabilized, and incubated with rabbit polyclonal gp120 IIIB antibody.

ratio of group II to group III for levels of IFN-v in superna- Booster effect of poxvirus vectors in heterologous prime-
tants from gpl60-stimulated lymphocytes was about 60 (Fig. boost regimens is dependent of the VV strain and dose of the
5B), while the ratio for IFN-y-secreting cells evaluated in the vector. Next we compared, in mice primed with influenza virus
ELISPOT was about 1.4 (Fig. 4B). Env, the dosage effect of MVA Env and VV WR Env to boost
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FIG. 4. Evaluation of the CD8" T-cell responses against Env after
a mucosal immunization scheme. Four BALB/c mice per group were
first intranasally immunized with 10* PFU of influenza virus Env, and
14 days later they were intranasally boosted with 107 PFU of VV WR
Env or MVA Env. Fourteen days after boosting, Env peptide-specific
IFN-vy-secreting cells in spleen cells (A) and genitorectal lymph nodes
(B) were quantified. Shown are the mean numbers of antigen-specific
IFN-vy-secreting cells with standard deviation from triplicate cultures.
(C) Potentiation of the CD8" T-cell anti-Env response induced after
intranasal MVA Env immunization by priming mice with influenza
virus Env. Splenocytes of both groups were obtained 14 days after
immunization and evaluated by ELISPOT. Shown are the mean num-
bers of antigen-specific IFN-y-secreting cells with standard deviation
from triplicate cultures.

a specific immune response against Env antigen. Different
groups of mice were immunized with a heterologous or homol-
ogous immunization scheme, employing VV WR Env or MVA
Env vectors at two different doses, inoculated by the intraperi-
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toneal route. Figure 6 shows the CD8" T-cell response against
Env antigen induced after homologous and heterologous im-
munizations with 5 X 107 PFU (Fig. 6A, upper panel) or 107
PFU (Fig. 6A, lower panel) of VV vectors. Using 5 X 107
PFU/mouse, both VV WR Env and MVA Env vectors pro-
duced a higher response in the heterologous immunization
scheme compared to that obtained in the homologous prime-
boost protocol. By contrast, administration of 10’ PFU/mouse
of VV vector in heterologous immunizations resulted in higher
response only in the case of VV WR Env-immunized mice.
MVA Env induced higher levels of CD8* T cells than VV WR
Env, as also shown in Fig. 1. It should be noted that the
ELISPOT assay in panels B, C, and D was carried out inde-
pendently of the ELISPOT in panel A, and hence, the impor-
tant feature of Fig. 6 is not the total number of spots that vary
between assays, but the difference in ratio of IFN-y-secreting
cells between the groups of immunized animals evaluated in
the same assay.

If we define the increase in the cell-mediated immune re-
sponse after recombinant VV boost in heterologous prime-
boost schemes as the ratio of heterologous (influenza virus
Env/VV Env) to homologous (VV Env/VV Env) response, we
found that when a higher booster dose was administered (5 X
107 PFU) both WR and MVA heterologous immunizations
induced an increased (seven- and threefold, respectively) im-
mune response (Fig. 6E). When 107 PFU were used, the WR
strain produced a threefold increase in the CD8" T-cell re-
sponse in heterologous immunizations. However, at this
booster dose, the MVA Env vector produced a response that
was of similar magnitude after homologous or heterologous
prime-boost schemes, ratio = 1. This could be explained if,
after priming with a low dose of MVA, the magnitude of the
immune response induced against the vector is low, resulting in
efficient boosting after a second administration of MVA. An
indirect measurement of the extent of immunity against the
vector triggered after one recombinant VV immunization will
be the increase in antibodies against a recombinant antigen
expressed from the VV vector (like B-galactosidase) after a
second homologous immunization dose. Thus, the induction of
an efficient immune response against the recombinant VV
after the first dose would inhibit replication, B-galactosidase
expression, and enhancement of B-galactosidase specific anti-
bodies after a second administration of recombinant VV.
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FIG. 5. Pattern of specific cytokine secretion after mucosal immunization. Cell suspensions of spleens (A) or genitorectal lymph nodes (B) of
mice in Fig. 4, obtained 14 days after the booster, were in vitro restimulated with gp160 or RPMI (negative control), and 72 h later cell culture
supernatants were harvested and evaluated for IFN-y and IL-4 by ELISA. Bars represent the mean with standard deviation of triplicates from cell
cultures gp160-stimulated; nonspecific cytokine levels found in negative controls were subtracted.
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FIG. 6. Booster effect of poxvirus vectors in heterologous prime-boost schemes is dependent on the VV strain and dose of virus vector
inoculated. Groups of four BALB/c mice were immunized as indicated. Fourteen days after the booster immunization, the number of IFN-vy-
secreting CD8™ T cells in the spleen from the different groups of mice was evaluated by ELISPOT. The VV vector (MVA Env and VV WR Env)
dose applied was 5 X 107 PFU/mouse (A and B) or 107 PFU/mouse (C and D). Shown are the mean numbers of antigen-specific IFN-y-secreting
cells with standard deviation from triplicate cultures. Panel E shows the increase obtained in the specific CD8" T-cell response after the
heterologous prime-boost scheme, represented as the ratio of heterologous prime-boost response versus the homologous prime-boost response.

We measured the antibody levels against B-galactosidase
(expressed by both VV vectors) in sera from mice immunized
intraperitoneally with one or two doses of recombinant VV
and evaluated the relative increase in the antibody levels after
the second immunization dose. As can be seen in Fig. 7, when
107 PFU/mouse of MVA was used, a fourfold increase in
B-galactosidase antibodies was observed after the second ad-
ministration, contrasting with the minor 2.4-fold increase de-
tected after WR boost. As expected, at the higher dose (5 X
107 PFU/mouse), almost no booster effect against B-galactosi-
dase was detected after WR, whereas 3.3-fold increase in
MVA immunized mice was found. Thus, the measurement of
B-galactosidase antibodies suggested that after immunization
with 10’ PFU of MVA Env, a low immune response against the
vector was produced and, hen